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Statement  of  the  Problem  Studied 

Decades  of  studying  isothermal  and  temperature-dependent  mass  and  charge  transport  in 
polar  organic  liquids  and  electrolytes  have  resulted  in  two  mutually  incompatible  models:  (1)  a 
hydrodynamic  model  in  which  the  motion  of  molecules  or  ions  is  opposed  by  a  resistive  force 
determined  by  the  solution  viscosity,  rj,  and  (2)  a  thermally  activated  process  characterized  by  an 
activation  energy  Ea  The  hydrodynamic  model,  utilizing  the  Stokes  equation  describes 
isothermal  conductivity,  self-diffusion  coefficient,  and  the  dielectric  relaxation  time  in  terms  of 
the  viscosity.  However,  the  use  of  one  macroscopic  solution  property  to  describe  other 
macroscopic  solution  properties  cannot  lead  to  any  particular  molecular  level  insight  into  the 
transport  processes  involved.  Further,  these  equations,  although  intuitively  appealing,  often 
provide  inadequate  descriptions  of  experimental  data.  Descriptions  of  temperature-dependent 
transport  data  of  liquids  in  terms  of  a  thermally  activated  process  are  usually  unsatisfactory, 
requiring  the  use  of  empirical  equations  whose  fitting  parameters  have  no  physical  significance. 
Therefore  this  approach  provides  no  physical  significance  into  the  molecular  level  nature  of  the 
transport  process. 

These  two  general  pictures  of  transport,  the  thermally  activated  model  and  the 
hydrodynamic  model,  are  incompatible  and  do  not  lead  to  any  degree  of  self-consistency  in 
describing  the  various  kinds  of  mass  and  charge  transport  phenomena  in  polar  liquids  and  polar 
liquid  electrolytes.  A  direct  consequence  of  this  inconsistency  is  the  lack  of  a  general  molecular- 
level  model  that  adequately  describes  both  isothermal  and  temperature-dependent  transport 
phenomena  in  these  important  systems.  As  an  alternative,  we  have  developed  a  new  approach  to 
this  problem  that  we  term  the  Compensated  Arrhenius  Formalism,  which  is  briefly  summarized 
below. 

Brief  Summary  of  the  Compensated  Arrhenius  Formalism  (CAF) 

Our  research  under  ARO  support  has  resulted  in  a  new  approach  to  study  the  temperature 
dependence  of  mass  and  charge  transport  in  polar  liquid  electrolytes,  focusing  on  ionic 
conductivity,  self-diffusion,  viscosity,  and  dielectric  relaxation.  We  treat  all  four  transport 
coefficients  in  exactly  the  same  manner,  resulting  in  the  same  mathematical  description  of  their 
temperature  dependence.  Our  approach,  termed  the  Compensated  Arrhenius  Formalism  (CAF), 
contains  no  adjustable  parameters  and  is  based  on  two  fundamental  postulates  (using  the 
conductivity  as  an  illustration): 

1 .  The  conductivity  obeys  an  Arrhenius  equation  with  an  exponential  prefactor  that 

depends  on  both  temperature  and  the  static  dielectric  constant  8s,  i.e. 

a(T,8s)  =  Oo(T,  8s)  exp(-Ea/RT).  (1) 

2.  All  of  the  temperature  dependence  of  the  prefactor  is  due  to  the  intrinsic 

temperature  dependence  of  the  static  dielectric  constant,  i.e. 

a(T,8s)  =  Oo(8s(T))  exp(-Ea/RT).  (2) 


1 


The  first  postulate  reflects  the  experimental  observation  that  the  ionic  conductivity  in  polar 
electrolyte  solutions  is  a  function  of  the  static  dielectric  constant  as  well  as  the  temperature.  The 
second  simply  reflects  the  fact  that  the  static  dielectric  itself  is  a  function  of  the  temperature.  In 
other  words,  if  ln(a)  is  plotted  against  1/T,  the  experimentally  observed  non- Arrhenius  behavior 
(curvature)  is  due  to  the  temperature  dependence  of  the  dielectric  constant  contained  in  the 
exponential  prefactor. 

We  then  developed  a  scaling  procedure  in  which  an  experimentally  measured 
conductivity  (0(7) is  divided  by  a  reference  conductivity,  Gr(Tr,  £s)  at  reference  temperature 
Tr.  The  experimentally  determined  reference  conductivity  is  chosen  so  that  the  value  of  is 
the  same  as  o{T,es). 

a(T,e^)  _CJJ£,(T))  exp(-EJRT) 

^r(Tr>^s)  ^o(^s(Tr))exp(-E^/RT^) 


Since  the  exponential  prefactor  depends  on  the  value  of  Es,  the  two  exponential  factors  in  eq  3 
cancel,  resulting  in  the  Compensated  Arrhenius  Equation,  CAE. 


In 


(y(T,e^) 


_  _ a 


-!-■ 


RT  RT 


(4) 


In  a  CAE  analysis  of  temperature-dependent  transport  data,  there  are  three  stringent  requirements 
that  must  be  met: 

1.  A  plot  of  the  left  hand  side  of  eq  4  against  reciprocal  temperature  must  be  linear  over 
the  entire  temperature  range  studied. 

2.  The  values  of  Ea  determined  independently  from  the  slope  and  the  intercept  must 
agree.  (These  are  found  to  agree  within  about  1  %  for  aU  systems  studied  to  date). 

3.  A  plot  of  the  prefactors  as  a  function  of  the  solvent  dielectric  constant  must  result  in  a 
single  master  curve  for  each  family  of  solvents, 

A  typical  plot  of  the  master  curve  is  shown  in  Eigure  1  for  purposes  of  illustration. 
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Figure  1.  Exponential  prefactor  plotted  against  for  0.035  m  TbaTf  in  a  series  of  1 -alcohols. 

Our  initial  extensions  of  the  CAP  to  a  variety  of  solvent-based  electrolytes  and  pure 
organic  liquids  included  ketones,  acetates,  nitriles,  thiols,  methyl-capped  oligomers  of 
poly(ethylene  oxide),  cyclic  carbonates,  and  linear  alcohols.  We  considered  several  families  of 
alcohol  electrolytes  with  significant  differences  in  their  extensively  hydrogen-bonding  networks. 
Our  early  work  was  with  dilute  electrolytes  (0.0055  M),  therefore  we  explored  concentrated 
solutions  up  to  the  solubility  limit  of  some  of  our  electrolyte  solutions.  The  extreme  case  of  a 
concentrated  “solution”  was  our  study  of  an  ionic  liquid:  l-alkyl-3-methylimidazolium 
trifluoromethanesulfonate  (triflate).  Most  of  our  work  focused  on  two  salts:  lithium  triflate  and 
tetrabutylammomium  triflate.  Although  these  two  salts  have  a  common  anion,  the  nature  of 
these  cations  defines  two  extremes  of  behavior.  The  very  strong  cation-anion  interactions  in 
lithium  triflate  solutions  result  in  very  highly  associated  systems  with  contact  ion  pairs,  triples 
and  other  more  highly  associated  species.  In  contrast,  the  bulky  butyl  groups  of 
tetetrabutylammomium  cation  prevent  the  formation  of  any  detectable  level  of  ionically 
associated  species. 

In  all  electrolyte  solutions  studied  during  the  course  of  this  research  project,  the  CAP 
yielded  linear  plots  with  self-consistent  values  of  the  activation  energy  and  the  formation  of 
simple  master  curves  when  the  exponential  prefactors  was  plotted  against  the  static  dielectric 
constant.  This  result  was  astonishing  to  us,  considering  the  very  non-ideal  nature  of  some  of  the 
electrolyte  solutions  examined. 

During  this  project  we  attempted  to  develop  a  molecular-level  picture  of  mass  and  charge 
transport  in  a  polar  liquid  by  looking  at  transition  state  theory  with  a  focus  on  diffusion.  We 
considered  a  region  in  the  liquid  containing  N  dipolar  molecules  in  a  transient  state  of  local 
equilibrium.  The  region  contains  a  sufficient  number  of  molecules  so  the  potential  energy 
environment  of  a  target  molecule  in  the  interior  of  the  region  roughly  approximates  its  potential 
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energy  environment  in  the  bulk.  In  the  initial  state,  the  target  molecule  is  confined  by  its  local 
potential  energy  environment  and  its  molecular  motion  consists  of  intramolecular,  librational, 
and  translatory  vibrations.  We  adopt  Kauzmann’s  picture  of  a  transition  state^  where  thermal 
fluctuations  create  a  less  rigid  and  more  open  environment.  In  a  key  step,  we  assumed  that  this 
environment  is  not  homogeneous  at  a  molecular  scale.  In  particular,  the  fluctuations  may  open  a 
transient  channel  in  which  a  translatory  vibration  of  a  target  molecule  in  the  direction  of  the 
channel  can  momentarily  become  a  pure  translational  motion.  In  this  direction  the  fluctuation- 
driven  reduced  local  density  of  molecules  serves  as  a  concentration  gradient.  After  a  small 
translational  movement  of  the  target  molecule,  the  neighboring  molecules  then  relax  back  to  a 
locally  stable  configuration,  which  can  be  regarded  as  the  final  state.  In  other  words,  thermal 
fluctuations  lead  to  transport  of  the  target  molecule  through  a  series  of  thermally  activated, 
discrete  jumps.  In  our  modification  of  transition  state  theory,  we  explicitly  account  for  the 
difference  between  the  vibrational  partition  function  of  the  target  molecule  in  the  initial  state  and 
the  translational  partition  function  in  the  transition  state.  This  results  in  a  significantly  different 
temperature  dependence  in  the  final  results  than  is  given  in  the  usual  transition  state  theory  as 
developed  by  Eyring.  The  motion  of  the  target  molecule  is  coupled  to  the  motion  of  its 
surrounding  molecules,  and  the  activation  energy  is  the  collective  energy  required  to  open  a 
channel  through  which  transport  can  occur. 

Brief  Summary  of  our  Work 

1 .  In  our  first  paper  in  this  area,  ^  we  introduced  our  two  fundamental  postulates,  carefully 
described  the  construction  of  the  reference  curve  and  gave  a  brief  summary  of  the  scaling 
procedure.  This  first  paper  focused  on  conductivity  studies  of  0.0055  M  solutions  of 
tetrabuytlammonium  trifluoromethanesulfonate  (TbaTf)  dissolved  in  a  ketones  and  linear 
alcohols,  although  electrolyte  solutions  of  lithium  trifluoromethanesulfonate  (LiTf)  and  Lil  were 
also  briefly  examined.  This  work  was  the  first  tentative  step  in  our  understanding  of  a  variety  of 
transport  phenomena  using  the  CAP. 

2.  We  then  successfully  extended  the  CAP  to  dielectric  relaxation  in  polar  liquids  such  as  linear 
alcohols,  n-alkyl  bromides,  n-nitriles,  n-acetates.^  We  incorporated  our  two  postulates  into  an 
expression  for  the  temperature  dependence  of  the  dielectric  rate  constant  k,  writing  k(T,  8s)  = 
ko(8s(T)  exp(-Ea/RT).  This  equation  is  completely  analogous  to  eq  2  for  the  conductivity.  The 
extension  to  dielectric  relaxation  appeared  to  be  satisfactory  as  judged  from  the  linearity  of  the 
temperature-dependent  scaled  dielectric  relaxation  rate  constants  and  the  formation  of  a  single 
master  curve  for  each  solvent  family.  However  this  study  had  the  rather  severe  limitation  of 
using  only  dielectric  relaxation  data  taken  from  the  literature.  Since  we  did  not  have  access  to 
appropriate  instrumentation  to  measure  dielectric  relaxation  data  ourselves,  this  was  our  only 
study  of  dielectric  relaxation,  undertaken  to  extend  the  generality  of  the  CAP. 

3.  We  were  concerned  that  the  CAP  had  only  been  applied  to  electrolyte  solutions  consisting 
primarily  of  PiTf,  PiTba  and  Pil  at  a  single  concentration  (0.0055  M).  Therefore  we  measured 
the  temperature-dependent  conductivities  of  PiTf,  NaTf,  KTf,  Pil  TbaBr,  and  TbaTf  over  a 
concentration  range  from  0.0055  M  down  to  about  4.30  x  10'^  M.^  The  activation  energies  were 
similar  in  each  of  these  sets  of  measurements. 
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We  then  wrote  a  proposal  to  ARO  requesting  grant  support  based  on  the  results  of  this 
early  and  admittedly  incomplete  work.  Our  proposal  had  five  objectives  (to  quote  directly  from 
the  proposal): 

1.  Extend  studies  of  the  temperature  dependence  of  ionic  transport  in  organic  liquid 
to  concentrated  salt  solutions  (concentrations  >  ca  0.01  M). 

2.  Demonstrate  the  applicability  of  the  CAE  analysis  to  the  temperature  dependence  of 
diffusion  coefficients  in  organic  liquids  and  organic  liquid  electrolytes. 

3.  Determine  the  applicability  of  the  CAE  analysis  to  organic  liquid  electrolytes 
containing  lithium  salts,  modifying  the  CAE  analysis  as  required  to  accommodate  the 
extensive  ionic  association  which  occurs. 

4.  Expand  the  application  of  the  CAE  analysis  to  oligomers  and  oligomer-based 
electrolytes  as  an  initial  step  toward  a  study  of  high  molecular  weight  polymer. 

5.  Broaden  the  application  of  the  CAE  analysis  to  ionic  liquid  based  electrolytes, 
specifically  (a)  pure  ILs,  (b)  selected  IL-solvent  mixtures  that  are  miscible  in  all 
proportions,  and  (c)  IL-lithium  salt  systems. 

I  wish  to  note  at  this  point  that  all  five  objectives  have  been  accomplished  (and  much  more!) 

4.  While  the  proposal  was  being  considered,  we  successfully  extended  the  CAP  analysis  to 
temperature-dependent  self-diffusion  data  for  1 -propanol,  1 -butanol,  1-hexanol  and  1-octanol. 

The  temperature-dependent  self-diffusion  coefficient  D  was  written  D(T,  8s)  =  Do(8s(T)  exp(- 
Ea/RT),  analogous  to  eq  2  for  conductivity.  We  measured  the  necessary  self-diffusion  data 
ourselves  using  pulsed-field-gradient  PFG-NMR  techniques.  We  obtained  activation  energies 
with  values  strikingly  similar  to  those  found  for  the  same  alcohol  electrolytes  via  ionic 
conductivity  and  dielectric  relaxation.^  The  discovery  that  the  CAP  analysis  could  be 
successfully  applied  to  describe  the  temperature  dependence  of  self-diffusion  data  was  a  major 
step  forward  in  our  research  program,  because  it  offered  the  potential  for  providing  extensive 
data  that  complemented  our  conductivity  studies. 

5.  At  this  point  our  proposal  to  ARO  was  funded.  With  grant  support,  we  began  a  systematic 
study  of  the  role  of  the  static  dielectric  constant  in  transport  properties.  We  started  with  a  study 
of  conductivity  and  self-diffusion  in  0.0055  M  solutions  of  TbaTf  in  n-butyl  acetate,  n-pentyl 
acetate,  n-hexyl  acetate,  n-octyl  acetate  and  n-decyl  acetate.’  This  was  the  first  step  in  a 
comparative  study  of  low  permittivity  liquids  and  electrolytes.  Acetates  and  their  electrolyte 
solutions  have  low  permittivities  compared  with  alcohols  and  ketones.  Both  temperature- 
dependent  diffusion  coefficients  and  ionic  conductivities  were  accurately  described  by  the  CAF. 
Activation  energies  were  found  to  be  higher  for  conductivity  data  of  0.0055  M  TbaTf-acetates 
compared  to  diffusion  data  of  pure  acetate  liquids.  We  returned  to  this  interesting  observation  in 
a  subsequent  study  described  later. 

6.  We  also  began  more  formal  attempts  to  understand  the  underpinnings  of  the  CAF  by  closely 
examining  the  role  of  static  dielectric  constant  in  0.30  molal  TbaTf-  and  LiTf-1 -alcohol 
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solutions.  This  work  also  moved  us  towards  more  concentrated  electrolyte  solutions  than 
previously  studied.  Beginning  with  this  study,  we  switched  from  a  molar  concentration  basis  to  a 
molal  concentration  basis.  This  was  done  because  reproducibility  of  our  data  and  results  by 
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other  workers  was  deemed  of  paramount  importance,  and  salt  concentrations  on  a  molal  basis  are 
independent  of  the  temperature  at  which  they  are  prepared  and  subsequently  used.  Because  this 
was  essentially  a  comparative  study  of  the  Tba  cation  and  the  Li  cation,  it  was  useful  to  introduce 
the  concept  of  a  charge-protected  (e.g.  Tba)  and  non-charge-protected  (e.g.  Li)  cation.  The  Tba 
cation  is  charge-protected  because  the  bulky  butyl  groups  surrounding  the  charged  central 
nitrogen  atom  prevent  the  formation  of  ionically  associated  species  to  any  measureable  degree. 


7.  A  second  part  of  this  study  was  a  comparison  between  ionic  conductivity  and  self-diffusion  in 
linear  alcohol  solutions  and  acetate  solutions;  the  salts  were  LiTf  and  TbaTf,  thereby  extending 
the  comparison  between  charge-protected  and  non-charge-protected  cations.^  The  usual 
relationship  between  conductivity  and  diffusion  is  the  Nernst-Einstein  equation. 


(7  = 


D-) 
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General  trends  based  on  temperature  and  alkyl  chain  length  are  observed  when  conductivity  is 
plotted  against  the  cation  or  anion  diffusion  coefficient,  but  there  is  no  clear  pattern  to  the  data. 
However,  when  the  CAP  is  applied  to  both  conductivity  and  diffusion  data,  a  plot  of  conductivity 
exponential  prefactors  against  those  for  diffusion  results  in  four  distinct  curves:  one  each  for  the 
TbaTf- 1 -alcohol,  LiTf- 1 -alcohol,  TbaTf-n-acetate,  and  LiTf-n-acetate  data,  with  the  TbaTf- 
alcohol  and  TbaTf-acetate  data  “in  line”  with  each  other. 


8.  A  critical  component  of  the  CAP  is  writing  a  temperature-dependent  transport  coefficient  as 
an  Arrhenius-like  expression  that  explicitly  includes  a  static  dielectric  constant  (Ss)  dependence 
in  the  exponential  prefactor.  A  very  important  step  in  the  development  of  a  molecular  level 
picture  of  transport  was  the  use  of  Onsager’s  model  of  the  dielectric  constant  to  describe  how  the 
dielectric  constant  affects  mass  and  charge  transport  in  organic  liquids  and  organic  liquid 
electrolytes. Specifically,  the  molecular  and  system  parameters  governing  transport  are  the 
molecular  dipole  moment  p  and  the  solvent  dipole  density  N.  The  temperature  dependence  of  8s 
and  therefore  the  temperature  dependence  of  the  exponential  prefactor  is  due  to  the  quantity  N/T, 
where  T  is  the  temperature.  We  demonstrated  this  important  fact  by  scaling  out  the  N/T 
dependence  instead  of  the  Ss  dependence  in  the  CAP  procedure.  We  previously  showed  that  a 
plot  of  the  prefactors  versus  Ss  results  in  a  master  curve,  and  in  the  paper  cited  above,  we  showed 
that  a  master  curve  also  results  by  plotting  the  prefactors  against  N/T.  Therefore,  the  CAP  can  be 
applied  by  using  temperature-dependent  density  data  instead  of  temperature-dependent  dielectric 
constant  data.  This  application  was  demonstrated  for  diffusion  data  of  n-nitriles,  n-thiols,  n- 
acetates  and  2-ketones,  as  well  as  conductivity  data  for  dilute  TbaTf-nitrile  electrolytes.  In 
systems  in  which  it  is  very  difficult  to  accurately  measure  Ss,  one  can  use  the  quantity  N/T  in 
applications  of  the  CAP  with  no  loss  of  accuracy. 

9.  The  next  major  step  in  extending  the  CAP  to  other  transport  phenomena  came  with  our  work 
with  fluidity,  which  is  simply  the  inverse  of  viscosity.  Viscosity  has  been  studied  for  over  a 
century,  but  there  are  still  no  realistic  theoretical  models  available.  Consequently,  viscosity  has 
been  described  by  an  astonishing  number  of  empirical  equations  with  adjustable  fitting 
parameters,  none  of  which  leads  to  any  molecular-level  understanding.  We  treated  the  fluidity  f 
(=l/ri)  as  we  had  the  conductivity,  dielectric  relaxation,  and  self-diffusion,  writing  f(T,8s)  = 
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fo(8s(T))  exp(Ea/RT).  We  collected  fluidity  data  from  5-85°C  for  pure  n-acetates,  2-ketones,  n- 
nitriles,  and  n- alcohols  and  analyzed  these  data  with  the  CAP.  The  success  of  this  effort  is 
dramatically  summarized  in  the  graphic  that  accompanied  the  publication  of  this  study  in  the 
Journal  of  Physical  Chemistry/^ 


Diel.  Fluidity  Conductivity  Diffusion 
Rlxn.  ^  ■  • 
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Figure  2.  Schematic  comparison  of  the  exponential  prefactors  obtained  from  self-diffusion, 
conductivity,  fluidity  and  dielectric  relaxation  measurements  using  the  CAP. 

We  found  that  the  fluidity  average  activation  energies  of  the  aprotic  liquids  were  comparable  in 
value,  whereas  the  average  activation  energy  for  the  n-alcohols  was  higher. 

10.  The  important  role  of  the  static  dielectric  constant  on  solution  transport  properties  was  the 
focus  of  a  comparative  study  of  ketone  electrolytes  and  acetate  electrolytes  with  TbaTf  as  a 
common  salt;  this  was  complemented  by  a  study  of  pure  ketones  and  acetates  using  self-diffusion 
techniques.  TbaTf  was  chosen  as  the  common  salt  to  eliminate  any  complications  caused  by 
ionic  association.  The  average  activation  energies  are  summarized  in  Table  1. 

Table  1.  Comparison  of  activation  energies  for  0.0055  M  solutions  of  TbaTf  in  acetate  and 
ketone  solvents. 


Ea(conductivity)  kJ  mof' 

Ea(self-diffusion)  kJ  mol'^ 

acetates 

36+1 

26+1 

ketones 

25  +  1 

24+1 

1 1 .  One  of  the  more  puzzling  observations  in  the  field  of  electrolytes  is  the  concentration 
dependence  of  the  molal  conductivity.  A,  defined  as  the  ionic  conductivity,  a,  divided  by  the 
total  salt  concentration.  As  the  salt  concentration  increases,  A  initially  decreases  to  a  minimum 
and  then  increase  to  a  maximum,  followed  by  another  decrease.  This  behavior  was  explained  by 
many  authors  as  originating  in  strong  ionic  association  effects.  However,  we  reported  the  same 
behavior  in  TbaTf  electrolytes  in  which  ionic  association  could  not  occur  because  of  the  charge- 
protected  nature  of  the  Tba  cation.  We  undertook  a  concentration-dependent  study  of  the  molal 
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conductivity  in  a  series  of  1 -alcohols  and  analyzed  the  resulting  data  in  terms  of  the  CAP.  We 
showed  that  the  increasing  molal  conductivity  after  the  initial  decrease  results  from  the  combined 
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effect  of  (1)  a  decrease  in  the  energy  of  activation  (calculated  from  the  CAF),  and  (2)  an  inherent 
concentration  dependence  in  the  exponential  prefactor  that  is  partly  due  to  the  dielectric  constant. 

12.  At  this  point  we  had  enough  confidence  in  the  CAF  to  apply  it  to  an  electrolyte  system 
relevant  to  rechargeable  lithium  battery  technology.  We  examined  mass  and  charge  transport  in 
a  comparative  study  of  LiTf  and  TbaTf  solutions  in  cyclic  carbonates.  The  ionic  conductivity 
of  lithium  ion  battery  electrolytes  is  often  optimized  by  mixing  a  cyclic  carbonate,  e.g.  propylene 
carbonate,  with  a  lower  viscosity  liquid.  Conventional  wisdom,  based  on  a  hydrodynamic  picture 
of  ion  transport,  states  that  the  conductivity  in  propylene  carbonate  is  relatively  low  because  the 
viscosity  of  propylene  carbonate  is  relatively  high.  In  this  picture,  the  addition  of  a  low  viscosity 
liquid  raises  the  conductivity  simply  through  the  effect  of  lowering  the  viscosity  of  the  solution. 
However,  we  frame  this  argument  differently  by  stating  that  the  strong  intermolecular 
interactions  that  exist  in  propylene  carbonate  due  to  its  high  dipole  moment  cause  the  activation 
energy  to  be  high  and  consequently  the  conductivity  to  be  low.  These  intermolecular 
interactions  also  cause  the  viscosity  to  be  high.  The  addition  of  a  low  dipole  moment  component 
to  propylene  carbonate  disrupts  these  strong  dipole-dipole  interactions,  thereby  lowering  the 
activation  energy  and  increasing  the  conductivity. 

13.  An  attempt  to  apply  the  CAF  to  an  ionic  liquid  represents  an  extreme  test  of  the  CAF. 
Previous  to  this  study,  the  most  concentrated  liquid  electrolyte  we  had  studied  was  a  0.8  m 
solution  Therefore  we  undertook  a  study  of  l-alkyl-3-methylimidazolium  triflate  ionic  liquids, 
is  explained  using  the  compensated  Arrhenius  formalism  (CAF),  where  the  conductivity  or 
fluidity  assumes  an  Arrhenius-like  form  that  also  contains  a  dipole  density  dependence  in  the 
exponential  prefactor.  The  resulting  CAF  activation  energies  for  conductivity  and  fluidity  are 
much  higher  than  those  obtained  from  polar  organic  liquids  and  electrolytes.  The  CAF  very 
accurately  describes  the  temperature  dependence  of  both  conductivity  and  fluidity  using  only 
system  properties  (i.e.  density,  activation  energy). These  results  imply  that  the  transport 
mechanism  in  molten  salts  is  very  similar  to  that  in  polar  organic  liquids  and  electrolytes.  It  is 
usually  not  possible  to  measure  the  dielectric  constant  of  ionic  liquids  using  standard  capacitance 
and  voltammetric  techniques,  and  dielectric  relaxation  spectroscopy  as  an  alternative  relies 
heavily  on  the  choice  of  fitting  procedure  and  data  extrapolation  methods.  Here  our  work  in  #  8 
described  earlier  proved  invaluable;  we  used  the  values  of  N/T  in  place  of  the  static  permittivity. 
The  dipole  density  N  was  determined  from  temperature-dependent  mass  density  measurements 
over  the  temperature  range  of  interest.  This  procedure  gave  excellent,  self-consistent  results  for 
the  ionic  liquids. 

14.  Many  of  our  previous  publications  had  been  criticized  for  not  providing  a  molecular  model  or 
basis  for  the  CAF.  Therefore  we  modified  transition  state  theory  as  originally  developed  by 
Henry  Eyring,^  using  self-diffusion  as  the  transport  property  of  interest.  We  explicitly 
recognized  the  contribution  of  the  polarization  energy  originating  in  the  dipolar  medium,  noting 
that  this  contribution  occurs  in  in  a  very  natural  way  in  the  formulation  of  transition  state  theory. 
Expressing  the  polarization  energy  in  terms  of  molecular  properties,  e.g.  the  molecular  dipole 
moment,  and  system  properties,  e.g.  the  dipole  density,  allowed  us  to  identify  these  quantities  as 
the  static  dielectric  constant.  Therefore,  accounting  for  the  role  of  the  polarization  energy  in 
transition  state  theory  of  transport  properties  in  polar  liquids  leads  to  a  dielectric  constant 
dependence  in  the  exponential  prefactor  of  the  self-diffusion  (or  any  of  the  other  three  transport 
properties  studied  in  the  course  of  this  research  project.  The  molecular  picture  accompanying 
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our  modification  of  standard  transition  state  theory  emphasized  the  coupling  of  the  diffusing 
molecule’s  motion  with  the  dynamical  motion  of  the  surrounding  matrix. 

15.  It  has  been  known  for  many  years  that  the  reaction  rate  of  the  Menschutkin  reaction  is 
dependent  on  the  dielectric  constant  of  the  solvent.  In  a  Menschutkin  reaction,  a  tertiary  amine 
reacts  with  an  alkyl  halide  to  form  a  tetraalkylammonium  halide  salt  according  to 

R3N  +  RX  ^  R4N^  +  X' 

The  general  trend  observed  is  that  the  reaction  rate  increases  with  increasing  permittivity, 
however  the  tremendous  scatter  in  the  data  does  not  allow  the  identification  of  any  functional 
relationship.  We  applied  the  CAP  to  the  reaction  rate  of  a  typical  Menschutkin  reaction  and 
demonstrated  that  previously  observed  scatter  in  the  reaction  rate  data  was  due  to  the  neglect  of 
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the  polarization  energy  in  the  exponential  prefactor,  which  is  very  nicely  scaled  out  in  the  CAP. 
This  work  opens  up  a  new  area:  reaction  kinetics  (e,g.  charge-transfer  reactions)  in  polar  organic 
liquid  solvents. 

16.  A  study  begun  somewhat  earlier  was  concerned  with  the  problem  of  highly  associated 

electrolytes  (lithium  triflate)  dissolved  in  both  high  permittivity  solvents  such  as  ketones  and  low 

permittivity  solvents  such  as  acetates.  Using  quantitative  vibrational  spectroscopic  techniques, 

we  demonstrated  that  the  nature  of  the  ionic  association  was  quite  different  in  these  two  solvents, 

particularly  the  temperature  dependence  of  the  ionic  association.  We  then  examined  why  the 

CAP  was  so  successful  in  describing  the  conductivity  behavior  in  spite  of  the  differences  in  ionic 

1  8 

association  and  their  temperature  dependence. 

17.  We  undertook  a  careful  analysis  of  the  thermodynamics  underlying  the  CAP,  with  the  goal 
of  understanding  more  deeply  the  physical  significance  of  the  activation  energy  obtained  using 
the  CAP.  The  key  was  a  comparison  of  several  polar  liquids  with  their  non-polar  analogs.  Por 
example,  decane  is  the  non-polar  analog  of  the  polar  compound  2-decanone.  Each  compound 
can  be  viewed  as  having  an  alkyl  chain  CH3(CH2)7-,  with  decane  terminated  by  a  -CH2CH3  unit 
and  2-decanone  terminated  by  a  -COCH3  unit.  We  compared  several  nitriles  and  ketones  with 
their  non-polar  analogs  using  both  self-diffusion  coefficients  and  fluidity  coefficients.^^  One 
essential  finding  was  that  the  activation  energy  of  the  polar  liquid  differed  from  that  of  the  non¬ 
polar  liquid  by  an  amount  equal  to  the  polarization  energy  calculated  from  an  expression  given 
by  Onsager.^° 
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